Congenital myasthenic syndromes (CMSs) are neuromuscular disorders that can be caused by defects in ace tylcholine receptor (AChR) function. Diseaseassociated point mutants can reveal the unsuspected functional significance of mutated residues. We identified two pathogenic mutations in the extracellular domain of the AChR α subunit (AChRα) in a patient with myasthenic symptoms since birth: a V188M mutation in the Cloop and a heteroallelic G74C mutation in the main immunogenic region. The G74C mutation markedly reduced surface AChR expression in cultured cells, whereas the V188M mutant was expressed robustly but had severely impaired kinetics. Singlechannel patchclamp analysis indicated that V188M markedly decreased the appar ent AChR channel opening rate and gating efficiency. Mutant cycle analysis of energetic coupling among con served residues within or dispersed around the AChRα Cloop revealed that V188 is functionally linked to Y190 in the Cloop and to D200 in βstrand 10, which connects to the M1 transmembrane domain. Furthermore, V188M weakens interresidue coupling of K145 in βstrand 7 with Y190 and with D200. Cumulatively, these results indicate that V188 of AChRα is part of an interdependent tetrad that contributes to rearrangement of the Cloop during the initial coupling of agonist binding to channel gating.
Introduction
Congenital myasthenic syndromes (CMSs) are heterogeneous disorders in which the safety margin of neuromuscular transmission is impaired by one or more defects in motor endplate-associated proteins (1) . Most defects arise from mutations that occur in subunits of the acetylcholine receptor (AChR) (reviewed in ref. 2); other deleterious mutations have been identified in choline acetyltransferase (ChAT) (3); the collagenic tail subunit of the endplate species of acetylcholinesterase (AChE) (4, 5) ; the cytoplasmic protein rapsyn (6) ; agrin (7) ; the muscle-specific receptor tyrosine kinase (MuSK) (8) ; Dok-7, a muscle-intrinsic activator of MuSK (9) ; plectin (10); glutamine-fructose-6-phosphate transaminase 1 (GFPT1) (11) ; and the Na v 1.4 sodium channel (12) . The pathogenic mutations in AChR subunits either decrease the expression or alter the kinetics of activation of the receptor by nerve-released ACh. The mutations that alter activation kinetics result in physiologically opposite slow-and fast-channel syndromes that prolong or speed the decay of the synaptic current (13) .
The AChR is a ligand-gated ion channel in which 5 homologous subunits align side by side to form a cylindrical structure lodged within the cell membrane. At the innervated adult endplate (EP) the stoichiometry of the subunits is (α1) 2 β1δε, whereas at denervated or developing EPs the fetal γ subunit is present in place of the ε subunit. Each subunit includes a large extracellular domain, 4 transmembrane domains, and a large intracellular domain (14) . The extracellular domain consists of an inner core of 6 β-strands and an outer shell of 4 β-strands, whereas the transmembrane domains are α-helices (15) . The 2 agonist-binding pockets of AChR are located at interfaces between the α subunits and the neighboring ε or δ subunits. The principal face of each binding site is formed by the α subunit, which contributes peptide loops A-C, while the complimentary face is formed by either the δ or the ε subunit contributing loops D-G (16) . A structural transitional zone between the ligand-binding and channel domains transduces conformational changes resulting from agonist binding into opening of the ion channel.
Crystallographic studies of isolated binding domains of the mouse AChR (17) and of the ACh binding protein of the freshwater snail and the saltwater mollusk (18, 19) as well as cryoelectron microscopy analysis of Torpedo AChR at 4-Å resolution (15) rationalized previous observations on the functional properties of the receptor but did not reveal how different residues or domains of the receptor contribute to the transition from the closed to the open state. Subsequent studies, however, attained this goal by exploring energetic coupling among residues within or between subunits by combined mutagenesis studies, single-channel recordings, and thermodynamic mutant cycle analyses (20) (21) (22) (23) (24) . These studies revealed that activation of the receptor begins by transition of the C-loop of each α subunit from an opened-up to a closed-in conformation (24) (25) (26) ; this leads to displacement of β-strand 10, which is contiguous with the pre-M1 domain, and results in conformational changes of the β1-β2 linker and the Cys-loop (Figure 1 ). Both the β1-β2 linker and the Cys-loop energetically couple with residues in the M2-M3 linker and in the course of channel opening displace the M2 helix away from the center of pore (21, 23, 27) .
In this study we identified a p.V188M mutation in the C-loop of the AChR α1 subunit that disrupts the initial coupling of agonist binding to channel gating. Unlike previously identified residues that affect coupling, αVal188 is conserved only in the muscle AChR α1 subunit but not in α subunits of other AChR subtypes. Single-channel recordings from HEK cells expressing the αV188M receptor reveal very brief channel openings flanked by prolonged closings. Estimates of activation rate constants for the αV188M AChR from single-channel recordings, obtained over a range of ACh concentrations, show that αV188M profoundly affects the apparent channel opening rate and gating efficiency of the recep-tor, effects that are independent of the size of the substituting residue. Finally, using mutant cycle analyses (MCA) we show that αVal188 is part of a network of residues that link agonist-mediated conformational changes in loop C to subsequent structural rearrangements that culminate in opening the AChR channel.
Results

Characteristics of the CMS patient.
The patient, a woman 42 years old at the time of the study, was born with floppy infant syndrome, with a feeble cry and poor sucking reflex. She had recurrent aspirations and droopy eyelids. She walked at 12 months but often fell. Later she had ocular muscle weakness, abnormal fatigability, and generalized weakness. Thymectomy at age 8 years was of no benefit. At age 14, repetitive stimulation of the femoral nerve at 2 Hz revealed a 66% decremental response of the first compared with the fourth evoked compound action potential from the rectus femoris muscle. She had no anti-AChR antibodies. Light and electron microscopy studies of intercostal muscle neuromuscular junctions at age 14 revealed no structural abnormality. The patient's symptoms responded partially to pyridostigmine. There was no history of similarly affected family members.
Mutation analysis. To determine the molecular basis of the patient's illness, we sequenced each AChR subunit gene. This revealed two heterozygous mutations in CHRNA1: p.αG74C (c.280G>T) and p.αV188M (c.622G>A). (Nucleotide numbers start from the translational start site, with +1 corresponding to the A of the ATG translation initiation codon [NM_000079.3]; codon numbers start from the first codon of the mature peptide [NP_000070.1]). αG74C is in the main immunogenic region (MIR) and αV188M in the C-loop of the agonist-binding domain of the α subunit ( Figure 1 ). The mutated Gly74 is conserved across the AChR α1 and β subunits of different species and in all human AChR α subunits except in α2 and α4. The mutated Val188 is conserved across α1 subunits of different species ( Figure 2 ) but not in α subunits of other AChR subtypes. Neither mutation is present in 400 normal alleles of 200 unrelated subjects. Family analysis indicated that each mutation is recessive, the paternal and maternal alleles harboring αG74C and αV188M, respectively.
Expression studies in HEK cells. To assess pathogenicity of the observed mutations, we engineered each mutation into the human α subunit and co-transfected cDNAs encoding either mutant or wild-type α subunits with complementary wild-type β, δ, and ε subunits into HEK cells ( Figure 3A ). To assess expression of the AChR on the cell surface, we measured the binding of [ 125 I]α-bungarotoxin ([ 125 I]α-bgt) to intact cells ( Figure 3A) . Surface expression of αG74C AChR was reduced to 14% that of wild-type and that of αV188M AChR was close to normal. Therefore, αV188M determines the phenotype.
Activation kinetics of the αV188M mutant. The safety margin of neuromuscular transmission depends critically on the ability of nerve-released ACh to rapidly and efficiently activate AChR channels. To identify elementary kinetic steps in AChR activation altered by αV188M, we first compared the activation of wild-type and mutant receptors expressed in HEK cells by analyzing the single-channel currents elicited by limiting low concentrations of ACh. A concentration of 50 nM ACh elicited a sufficient number of channel openings from wild-type AChR, but mutant AChR required 1 μM ACh ( Figure 3B ). The resulting channel openings 
Figure 2
Sequence alignment of the α1 AChR subunits in different species. appeared either as isolated openings or as several openings in quick succession, called bursts, the duration of which mirrors the rate of decay of the postsynaptic current. Construction of histograms of burst dwell times and fitting them with sums of exponentials revealed 2 components for αV188M and 3 components for wild-type AChR ( Figure 3B and Table 1 ). For the wild-type AChR, the mean duration of the longest and predominant burst component was 3.31 ms, but for the mutant it was only 0.68 ms.
To identify the kinetic steps responsible for the short-lived bursts of the mutant receptor, we recorded single-channel currents over a range of ACh concentrations and constructed histograms of the resulting open and closed dwell times (see Methods). For wild-type AChR, ACh concentrations higher than 10 μM elicited well-defined clusters of events, all from the same AChR channel, but for the αV188M AChR the threshold for forming clusters was 30 μM ACh ( Figure 4 ). For both wild-type and mutant receptors, the dominant component of closed dwell times shifted to shorter durations with increasing ACh concentrations, but for the mutant receptor the shift toward brief closed durations was much smaller, and at saturating concentrations the closed durations remained prolonged ( Figure 4 (28) , so the fitted channel gating rate and equilibrium constants presented here are apparent constants.
For both wild-type and mutant αV188M AChRs, probability density functions computed from the fitted rate constants describe the dwell time distributions for the entire range of ACh concentrations. The analysis provides estimates of rate constants for ACh association and dissociation and of apparent rate constants for opening and closing of the channel ( Table 2) . The most significant effect of αV188M was an approximately 70-fold decrease in the channel gating efficiency θ, defined by the ratio of rate constants β/α, which was largely due to an approximately 80-fold decrease in β. The subtle decrease in the closing rate con- stant α in the mutant receptor, shown in Table 2 , suggests that the briefer mutant receptor open times in Figure 4 derive from fewer missed closings in the mutant than wild-type receptor. The fitted rate constants in Table 2 Figure 6 ). The plotted points are well described by the P open curve computed from the fitted rate constants and support the validity of the estimated rate constants shown in Table 2 . The fitted rate constants in Table 2 also allow prediction of the mean burst duration of the αV188M receptor, approximated by (1 + β/k -2 )/α. The predicted value of 0.55 ms agrees well with the independently determined burst duration of 0.68 ms in the presence of 1 μM ACh ( Table 1 ). The shortened burst duration predicts an abnormally fast decay of synaptic currents typical of a fast-channel myasthenic syndrome (13) . The probability the channel opens once it has bound two molecules of ACh, obtained from β/(β + k -2 ), was 0.84 for wild-type AChR and 0.11 for αV188M AChR, predicting a reduced peak of the synaptic response to nerve impulse.
In summary, patch-clamp analysis of the kinetic properties of αV188M AChR revealed reduced gating efficiency, abnormally brief channel opening events, a decreased probability of channel opening by ACh, and a decreased amplitude of the synaptic response to ACh. The overall physiological consequence is a markedly reduced safety margin for neuromuscular transmission.
Other substitutions of α1 Val at codon 188. Substituting Met for Val at codon 188 increases side chain size. To determine whether this can account for the adverse effects of the mutation, we replaced αVal188 by Gly, Ala, and Thr, all smaller than Val, and by Leu, which is larger than Val. Each substitution reduced rather than enhanced the apparent channel opening rate constant and gating efficiency, with Gly having the greatest and Thr the smallest effect (Table 2) .
Mutant cycle analysis. The available structural data show that the C-loop changes its conformation in the course of agonist binding. Without agonist, the C-loop adopts a range of opened-up conformations that allow agonist access to the binding pocket, but when the agonist binds the C-loop closes inward and traps the agonist (24, 26, 29, 30) . Concomitantly, electrostatic interactions among local conserved residues change: without agonist, αAsp200 on β-strand 10 adjacent to the C-loop and αLys145 on β-strand 7 form a salt bridge, but upon binding the agonist, αTyr190 on the C-loop approaches αLys145, forming a hydrogen bond (20, 24) (Figure 7A ). Mutation analysis combined with single-channel kinetic analysis revealed that these 3 residues, conserved among muscle and most neuronal AChRs, are energetically coupled in contributing to channel gating, and thus initiate the chain of events that ultimately open the receptor ion channel (20) . Because high-resolution structural data showed that αVal188 lodges between αAsp200 and αTyr190 ( Figure 7A ), we used mutant cycle analysis (MCA) to determine whether αVal188 is part of the network of residues involved in the initial coupling of agonist binding to channel gating.
A founding principle in MCA is that the change in free energy caused by a mutation depends on other residues in the protein (31) . If mutation of a second residue affects the free energy Table 2 . On the y axes, each histogram entry is the probability of occurrence on a square root (Sqrt) scale.
Figure 5
Scheme of AChR activation.
change caused by mutation of the first, the two residues are energetically coupled and potentially interact directly. Evidence for direct interaction depends on independent structural data showing physical proximity, which for the α1 extracellular domain show that αVal188 is adjacent to several conserved residues essential for gating (17) . For the present application of MCA, the free energy change caused by each mutation is computed from the channel gating equilibrium constant θ derived from kinetic fitting of single-channel dwell times, which equals -RTlnθ, where R is the gas constant and T absolute temperature. To compute energetic coupling between 2 residues, free energy changes were computed for wild-type, each single mutant, and the double mutant AChR, and the differences in free energy between pairs of residues are shown along 4 lines that form a square. If the free energy changes along parallel lines of the square are the same, the 2 residues are not coupled, whereas if they differ, they are coupled. For compact illustration, the present MCA data are cast as cubes, with each face of the cube representing the free energy of coupling between pairs of residues.
We first tested for energetic coupling between αVal188 and either αTyr190 or αAsp200. To this end, we generated mutations of each residue individually and of pairs of residues in the same Kinetic parameters and error estimates are derived from global fitting of a kinetic scheme to data obtained over a wide range of ACh concentrations. Rate constants are μM -1 × s -1 for association rate constants and s -1 for all others. The dissociation constants, K1 and K2, are the ratios of k-to k+. ΔG o indicates free energy change in kcal/mol. The channel gating equilibrium constant θ is the ratio of the opening rate (β) to closing rate (α) constants. The blocking rate equilibrium constant KB equals the unblocking rate k-b divided by the blocking rate k+b. Free energy change: ΔG o = -RTln (θ mutant/θ wild-type), where R is the gas constant (1.987 cal/°K/mol) and T is the absolute temperature (295°K). ND, reaction step not detected.
Figure 6
Popen as a function of ACh concentration. Symbols and vertical lines indicate mean ± SD and represent Popen computed from 29 to 300 clusters in a single patch. Smooth curves indicate the Popen predicted by the fitted rate constants shown in Table 2 .
subunit, recorded single-channel currents for each mutant AChR, computed the apparent channel gating equilibrium constant that yielded gating free energy, and constructed 2-dimensional mutant cycles shown as faces of a 3-dimensional cubic cycle (Figures 7, B and C). The analyses indicate that αVal188 couples strongly to both αTyr190 and αAsp200, with first-order coupling free energies (ΔΔG int ) of -2.47 kcal/mol ( Figure 7C , top face) and -2.53 cal/ mol ( Figure 7C , top face), respectively (Table 3) . Thus, the contribution of Val188 to channel gating depends strongly on both αTyr190 and αAsp200. Because Val188 directly contacts αTyr190 and αAsp200 (17), the interdependence of the residues likely originates from direct inter-residue contact.
To determine whether a third residue affects coupling of 2 residues, we compared the coupling free energies for the 2 residues with and without a third mutated residue. Given that both αTyr190 and αAsp200 couple to αLys145 (20), we asked whether mutation of Lys145 affects the strong coupling of Val188 with either of these 2 residues. The analyses indicated that the αK145E mutation weakened coupling between αVal188 and αTyr190, with ΔΔG int decreasing from -2.47 ( Figure 7C , top face) to -1.56 kcal/ mol ( Figure 7C, bottom face) . Furthermore, the αK145E mutation also weakened coupling between αVal188 and αAsp200, with ΔΔG int decreasing from -2.53 ( Figure 7C , top face) to -0.97 kcal/ mol ( Figure 7C, bottom face) . Thus, the magnitude of energetic coupling between the pairs αV188/αY190 and αV188/αD200 depends on αLys145.
Conversely, we asked whether energetic coupling of αLys145 with αTyr190 and αAsp200 depends on αVal188. The analyses indicate that coupling between αLys145 and αTyr190 was weakened by αV188M, with ΔΔG int decreasing from -1.43 without αV188M ( Figure 7B , left face, and Table 3 ) to -0.52 kcal/ mol in the presence of αV188M ( Figure 7B, right face) . Furthermore, the αV188M mutation also weakened coupling between αLys145 and αAsp200, with ΔΔG int decreasing from -1.66 without αV188M ( Figure 7C , left face, and Table 3 ) to -0.10 kcal/ mol in the presence of αV188M ( Figure 7C, right face) . Thus, energetic coupling between the pairs αK145/αY190 and αK145/ αD200 depends on αVal188.
Within the crystal structure of the α1 extracellular domain, αTyr190, αVal188, and αAsp200 form a contiguous chain, but αVal188 does not directly contact αLys145 ( Figure 7A ). Thus, we assessed energetic coupling between αVal188 and αLys145. Energetic coupling in this residue pair, shown by the front faces of the cubes in Figure 7 , B and C, was low, with a ΔΔG int of only -0.78 kcal/mol (Table 3) . Although αVal188 and αLys145 were weakly coupled, we found that the coupling free energy was affected by mutations of either αTyr190 or αAsp200. Comparison of the front and back faces ( Figure 7B) shows that mutation of αTyr190 reduces coupling from -0.78 to 0.13 kcal/mol, while comparison of the front and back faces ( Figure 7C) shows that mutation of αAsp200 altered coupling from -0.78 to 0.78 kcal/mol. Our collective findings show that residue pairs that exhibit strong energetic coupling make direct contact, whereas those that couple weakly do not. Moreover, αVal188 joins αTyr190, αAsp200, and αLys145 to form an interdependent tetrad that links agonistmediated changes in the C-loop to channel gating.
A recently reported crystal structure of the agonist-occupied chimeric α7 ligand-binding domain provided evidence for a π-cation interaction between residues equivalent to αTyr93 and αLys145 in the α1 subunit (30) . We therefore tested whether αVal188 is energetically coupled with αTyr93 in human α1 AChR. The 2-dimensional mutant cycle in Figure 7D shows that αVal188 and αTyr93 were not energetically coupled (Table 3) . Thus, although mutation of either residue alone markedly alters channel gating, the combined mutations produce additive changes and thus αVal188 and αTyr93 are independent of each other. The lack of inter-residue coupling again correlates with the structural data showing that αTyr93 and αVal188 are spatially separate ( Figure 7A ).
Discussion
We identify 2 heteroallelic mutations in the AChR α1 subunit in a patient with severe myasthenic symptoms since birth. The first mutation, αG73C, markedly reduces surface expression of AChR in HEK cells. The second mutation, αV188M, allows robust AChR expression in HEK cells but has a profound effect on receptor activation. Thus, αV188M determines the phenotype. The functional role of αVal188 has not been investigated in previous mutagenesis studies. To our knowledge, αV188M is the first naturally occurring mutation in the C-loop in the Cys-loop receptor superfamily.
αV188M decreases gating efficiency approximately 70-fold and decreases the receptor's affinity for ACh approximately 2-fold. The fitted rate constants underlying activation of αV188M AChR are validated by close correspondence of the predicted burst duration with that recorded with 1 μM ACh for the mutant receptor and also by agreement between the predicted P open and that derived from direct recordings ( Figure 6 ). The findings indicate a compromised safety margin of neuromuscular transmission owing to a reduced P open , an abnormally fast decay of the synaptic current, and a decreased amplitude of synaptic response.
The consequences of αV188M cannot be attributed to the larger bulk of Met than Val because substitutions with smaller (Gly, Ala, and Thr) or larger (Leu) residues all reduced gating efficiency. However, that Leu and Thr, which like Val have branched side-chains, reduce gating efficiency to a lesser extent than Gly and Ala, suggests that a branched side-chain residue at position α188 is important for the initial transduction of agonist binding to channel gating.
MCA showed that the functional consequences of the mutation αV188M are altered if either αTyr190 or αAsp200 is mutated simultaneously. Pairing αV188M with mutants of either αTyr190 or αAsp200 revealed large coupling free energies, around -2.5 kcal/mol, which is similar to the originally reported inter-residue coupling free energy for the pairs αD200/αK145 and αY190/ αK145 (20) . Analysis of the crystal structure of the α1 extracellular domain revealed that αTyr190, αVal188, and αAsp200 form a contiguous chain, so their mutual interdependence likely originates from direct interactions. The crystal structure of the α1 extracellular domain is a reasonable model for the conformation of the resting state of AChR in the region encompassing αV188. This is likely because the α1 structure was obtained with bound α-bgt, and the local region is similar to that of acetylcholine-binding protein without bound agonist. In particular, in the α1 structure, αTyr190 on the C-loop is far from αLys145 on β-strand 7. In the available structures with agonist bound, the C-loop adopts a closed conformation that brings αTyr190 into close register with Lys145, forming a strong hydrogen bond (18, 19, 29, 30) . Furthermore, in the crystal structure of an α7 chimeric ligand-binding domain with bound agonist, an Arg residue at the position equivalent to αVal188 establishes close register with the residue equivalent to αTyr190 through a π-cation interaction (30) . Combined with these structural data, our findings suggest that αVal188, through an ideal steric fit, enables the proper interaction of αTyr190 with αLys145. Furthermore, in both the resting and agonist-bound conformations, the steric properties of αVal188 enable formation of a stable salt bridge between αAsp200 and αLys145. Thus, in the context of the available crystallography and mutagenesis data, our functional studies indicate that αVal188 is a key residue within the network of residues that initiates coupling of agonist binding to channel gating.
αVal188 is not conserved among subtypes of nicotinic AChR α subunits, with neuronal AChRs containing Ile, Leu, Arg, or Lys at equivalent positions. Our findings show that αVal188 is an essential contributor to the triad of conserved residues that initiate coupling of agonist binding to channel gating, suggesting that among different types of nicotinic AChRs, sequence variations at positions equivalent to αVal188 enable tuning of the synaptic response according to physiological needs.
Methods
Mutation analysis. We directly sequenced AChR α1, β1, δ, and ε subunit genes using genomic DNA. The mutations were traced with allele-specific PCR in family members and in 400 normal alleles of 200 unrelated controls.
Construction and expression of wild-type and mutant AChRs. Sources of human α, β, ε, and δ subunit cDNAs were as previously described (32) . All 4 cDNAs were subcloned into the CMV-based expression vector pRBG4 for expression in HEK293 cells (32) . The artificial mutations were engineered into wild-type AChR subunit cDNAs in pRBG4 using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The presence of each mutation and absence of unwanted mutations were confirmed by sequencing the entire inserts. HEK cells were transfected with plasmids comprising pRBG4-α, -β, -ε, and -δ and pEGFP-N1 at a ratio of 2:1:1:1:1, using FuGENE 6 transfection reagent (Roche).
α-bgt binding measurements. The total number of [ 125 I]α-bgt sites on the surface of transfected HEK cells was determined as previously described (32) .
Patch-clamp recordings and single-channel kinetic analysis. Recordings were obtained in the cell-attached configuration at a membrane potential of -80 mV at 22°C and with bath and pipette solutions containing (in mM): KCl, 142; NaCl, 5.4; CaCl2, 1.8; MgCl2, 1.7; HEPES, 10, pH 7.4. Single-channel currents were recorded using an Axopatch 200A amplifier (Axon Instru-
Figure 7
The α1 AChR subunit binding site and MCA of potentially interacting residues. (A) Stereo view of the binding site at 1.9-Å resolution (PDB 2QC1) shows spatial disposition of the potentially interacting residues. (B) Cubic mutant cycle of energetic interactions between αV188, αY190, and αK145. (C) Cubic MCA of energetic interactions among αV188, αD200, and αK145. (D) Two-dimensional mutant cycle of energetic interaction among αV188 and αY93. In B-D, numbers on arrows show difference in free energy change (ΔΔG) between 2 different AChRs in kcal/mol. The indicated diagonal lines in planes show first-order coupling free energy (ΔΔGint) for a given pair of mutants. For the front planes in B and C, ΔΔGint = -0.78 kcal/mol; for the back planes in B and C, ΔΔGint = 0.13 and 0.78 kcal/mol, respectively. ments) at a bandwidth of 50 kHz, digitized at 5-μs intervals using a Digidata 1322A (Axon Instruments) and recorded to hard disk using the program Clampex 8.2 (Axon Instruments). Recordings obtained with ACh at 1 μM or less were analyzed at a uniform bandwidth of 11.7 kHz with dead time of 15.3 μs imposed. Recordings obtained with ACh at 10 μM or more were analyzed with dead time at 25 μs at 10 kHz with TACx4.0.9 software (Bruxton). Dwell-time histograms were plotted on a logarithmic abscissa and fitted by the sum of exponentials by maximum likelihood (33) .
To estimate rate constants underlying AChR activation, we employed desensitizing concentrations of ACh that cause events from a single channel to cluster into identifiable activation episodes (34) . Clusters were identified as a series of closely spaced openings preceded and followed by closed intervals greater than a defined critical time. The critical time was determined by a method that misclassifies an equal number of events between 2 adjacent closed-time components (35) . For each receptor, the critical time that provided the best fit for the closed-time histogram was chosen for the final analysis. Clusters with fewer than 5 openings were excluded from analysis. Individual clusters were examined for homogeneity by determination of the mean Popen and open duration for each cluster, and clusters within 2 SDs of the mean were accepted for further analysis (36, 37) . The resulting global set of open and closed dwell times of wild-type and mutant AChRs were analyzed using the program MIL (QuB suite; http://www.qub.buffalo.edu/wiki/index.php/Main_Page), which uses an interval-based maximum likelihood method that also corrects for missed events (38) . The kinetic analysis of wild-type and mutant receptors yielded a set of rate constants that were fitted to a scheme of receptor activation shown in Figure 5 .
For each type of AChR, single-channel dwell times obtained over a range of ACh concentrations were fitted simultaneously. Data were obtained over a range of ACh concentrations from 10 to 1,000 μM for wild-type, αV188A, and αK145E AChRs; from 30 to 1,000 μM for αV188M, αV188G, αV188T, αV188L, and αD200H AChRs; from 100 to 1,000 μM for αY93F and αK145E/αD200H AChRs; and 1,000 μM for others. The final set of rate constants was checked by superimposing probability density functions calculated from the rate constants on the experimental dwell time histograms and by the ability of the rate constants to predict burst length at low ACh concentrations and the Popen (39, 40) .
MCA. We used MCA to determine whether the functional contributions of 2 residues in the AChR, X and Y, are interdependent. The analysis depends on examining the functional consequences of mutating
